The most visible repair response to pulp injury is the deposition of a tertiary dentin matrix over the dentinal tubules of the primary or secondary dentin. Tertiary dentin is distinguished as reactionary and reparative dentin, depending on the severity of the initiating response and the conditions under which the newly deposited dentin matrix was elaborated. Transforming growth factor beta (TGF-b) 
introduction
The complex structural composition of teeth provides hardness and durability as a barrier against bacterial infection. When a carious lesion breaks down this barrier, repair takes place to prevent further caries progression; hence, preventing invasion of the pulp chamber by the bacteria. The capacity of pulp cells to resist and repair injuries is fundamental to maintain the integrity and homeostasis of the dental organ. In an adult pulp, cell division and the secretory activity of odontoblasts are limited, but these processes may be re-activated after injury. The most common and well-known feature of pulp repair is the formation of tertiary dentin, 1 which can be classified as being reactionary or reparative in origin, depending on the severity of the initiating response and the conditions under which the newly deposited dentin matrix was formed. 2 A number of studies have reported the presence of tertiary dentin in 63.6% of teeth with carious lesions and found that it often occurs in combination with dentinal sclerosis. 3 The formation of the tertiary dentin on the pulpal aspect of stimulated dentinal tubules occurs in human deciduous teeth 4 as well as in permanent teeth. 5 It starts during the active stage of the carious process and continues after lesion arrest. 6 The rate of carious attack seems to be an influencing factor since more dentin is formed in response to a slowly progressing chronic caries than to a rapidly advancing acute caries. 3 Transforming growth factor beta (TGF-β) is a multifunctional regulator of a variety of cellular functions, such as cell proliferation, differentiation, and matrix synthesis. Recent studies showed that this substance has a significant role in the immune response 7 and tissue repair 8 of the dental pulp. TGF-β has also been implicated in induction of odontoblast-like cell differentiation and in signaling primary odontoblasts during dentin repair. Several in vivo studies have demonstrated the effects of dentin matrix preparation containing this bioactive molecule on both reactionary and reparative dentinogenesis. [9] [10] [11] Recently, numerous studies regarding tertiary dentinogenesis and various aspects related to it have already been reported. However, there is not any comprehensive report discussing this phenomenon. This review article will briefly summarize the role of TGF-β on tertiary dentinogenesis during the progression of a carious lesion.
tGf-β
The TGF-β super family comprises over 40 different proteins, most of which can be classified into three broad groupings of TGF-βs (isoforms TGF-β1, TGF-β2, TGF-β3, TGF-β5), BMP-bone morphogenetic proteins (BMP-2, BMP-3, BMP-4, BMP-5, BMP-6, BMP7 and BMP-8), and the activins/inhibins. Each of them is capable of regulating a fascinating array of cellular processes including cell proliferation, lineage determination, differentiation, motility, adhesion, and death. Expressed in complex temporal and tissue-specific patterns, TGF-β and related factors play prominent roles in the development, homeostasis, and repair of virtually all tissues in organisms. 12 In addition, these molecules also have mitogenic effects and a regulatory role in matrix biosynthesis. Collectively, these factors account for a substantial portion of the intercellular signals governing cell fate. 13 TGF-β has been implicated as a key mediator in odontoblast differentiation and dentin mineralization. Members of this super family have been implicated both in aspects of tooth development and repair of the dental tissue after injury. 9 A previous study by Hu et al. 14 showed that TGF-β as a pulp-capping medicament enhances reparative dentin formation in rat molars.
The presence of TGF-β in the dentin matrix has been reported 15 and measured by ELISA. 16 TGF-β also has been immunolocalized in the dentin matrix at the ultra structural level. 17 In humans, odontoblasts and other cells of the pulp show the presence of both TGF-β receptors I and II with odontoblasts showing the strongest expression. 18 McLachlan et al. 19 found that genes of the TGF-β family members and their receptors are predominantly expressed by odontoblasts in healthy teeth and generally show higher levels of expression in odontoblasts and pulpal tissue from carious teeth. Sloan et al. 20 reported that TGF-β is normally expressed in both healthy and carious molar teeth in humans. They have identified all three TGF-β isoforms in mature human odontoblasts. In their study, odontoblasts cells, pulpal fibroblasts, and endothelial cells were stained to varying degrees for TGF-β1, 2 and 3, with TGF-β3 showing the greatest intensity and TGF-β1 the weakest intensity; however, TGF-β1 showed significantly increased staining intensity within the odontoblast and pulpal cells of the carious teeth. In addition, a study by Piatelli et al. 21 showed that in the odontoblastic and subodontoblastic layer of specimens with irreversible pulpitis, there was a higher expression of TGF-β1 than in normal healthy specimens.
tertiary dentinogenesis
The response of tertiary dentinogenesis is one of repair or wound-healing as observed after injury to many other tissues of the body. When a carious lesion has invaded dentin, the pulp usually responds by depositing a layer of tertiary dentin over the dentinal tubules of the primary or secondary dentin that communicate with the carious lesion. Secretion of tertiary dentin matrix is restricted to those odontoblasts directly affected by the injury process. 19 Tertiary dentin differs morphologically from primary dentin reflecting their variations in molecular mechanism of formation. 22 According to Olgart and Bergenholtz, 23 compared with primary dentin, tertiary dentin is less sensitive to thermal, osmotic, and evaporative stimuli. The tubules of tertiary dentin tend to be more irregular with larger lumina. In some cases no tubules are formed. The degree of irregularity of tertiary dentin is determined by factors such as the amount of inflammation present, the extent of cellular injury, and the state of differentiation of the replacement odontoblasts. In addition, tertiary dentin is less permeable to externally derived matter than primary dentin. Along the border zone between primary and tertiary dentin, the walls of dentinal tubules are thickened and the tubules are frequently occluded with material resembling peritubular dentin. The border zone thus appears to be considerably less permeable than ordinary dentin and may serve as a barrier to the ingress of bacteria and their products. 23 A study by Kim et al. 3 revealed that the accumulation of pulpal dendritic cells is reduced after tertiary dentin formation, which may indicate the reduction of incoming bacterial antigens.
Tertiary dentin has been defined as the dentin deposited on the pulpal aspects of primary or secondary dentin at sites corresponding to areas of external irritations. 4 A number of terms have been used to describe this dentin such as irregular secondary dentin, reactionary dentin, reparative dentin, and irritation dentin, all reflecting its varied etiology. Smith et al. 2 has re-defined it in relation to the nature of the injury to attempt a better discrimination of the responses occurring in the dentin-pulp complex. This has led to adoption of the terms reactionary and reparative dentin to subdivide tertiary dentinogenesis into the responses seen after either survival or death of the primary odontoblast population, respectively.
reactionary dentinogenesis
The term reactionary dentinogenesis has been adopted to describe the secretion of a tertiary dentin matrix by primary odontoblasts which have survived injury to the tooth. Typically, this type of dentin will be seen with injury of mild intensity, such as in precavitational stages of active enamel caries and in slowly progressing dentinal lesions. 2 Slowly progressing carious lesions are characterized by an early increased mineralization of the affected dentin. This hyper mineralization occurs when the caries process is located in the enamel, before it reaches the dentin. By the time the carious lesion reaches the dentin, some of the dissolved mineral salts will reprecipitate within the tubules and form a hyper mineralized transparent zone in the dentin subjacent to the demineralized carious dentin. 24 Relatively small changes are observed histological in the odontoblast-predentin region associated with slowly progressing caries, but an increased formation of reactionary dentin is apparent. Most of the original odontoblasts survive although they may be somewhat shortened. The reduction of the height of the odontoblasts that form reactionary dentin is not compatible with the increased matrix production. Increased matrix production should result in an increase of intracellular organelles and therefore larger formative cells. It is likely that the subodontoblastic cells and a new generation of odontoblastlike cells contribute to the matrix production under this condition. If the original odontoblast continues to form dentin, the tubules extend from the primary dentin into secondary and tertiary dentin; thus, these pathways to the pulp are kept open. The subodontoblastic region remains virtually unaltered morphologically, but the cell-free zone is often absent, possibly due to the altered physiology of the area. Other components normally present are found, including fibroblasts, undifferentiated cells, and dendritic cells. 24 Tertiary dentin formed in the case of a superficial carious lesion may resemble primary dentin in terms of tubularity and degree of mineralization. In general, the tubules of reactionary dentin continue with those of secondary dentin, while the thickness of the newly formed layer is related to the intensity and duration of the stimulus. The reactionary dentin possesses an organic matrix as well as a mineral content similar to those found in primary and secondary dentin.
reparative dentinogenesis
Reparative dentinogenesis is a term used to describe the secretion of tertiary dentin after the death of the primary odontoblasts underlying the injury. Reparative dentin would arise after an injury of greater intensity and represents a much more complex sequence of biological events, involving progenitor cell recruitment and differentiation as well as an up-regulation of cell secretion. In relation to caries, the formation of reparative dentin can be observed in deep dentinal lesions where clinically, a change in lesion activity has occurred. 26 In rapid progression of carious lesions, the structure of the tertiary dentin that normally forms in the pulp-predentin region varies, depending on the severity of the attack. Sometimes the reparative tissue has cellular inclusions or atubular like fibro dentin. This is the dentin that is referred to as interface dentin. Provided that this reaction prevents the ingress of excessive reactive agents from the carious lesion, the interface dentin has a barrier effect that may be an essential part of the defense mechanisms in the tooth. Interface dentin with irregular, often atubular dentin forms a barrier between the physiologic secondary dentin and the tertiary dentin. This barrier, which corresponds to the hyaline zone of the dead tract, reduces the permeability of the affected dentin and may make it impermeable because the tubules from primary dentin do not cross the interface dentin. The reparative dentin usually continues to form as tubular dentin after the interface dentin has formed although its structure is more irregular, less mineralized, softer, and contains more organic material than primary dentin. 24 Reparative dentin is in the majority of cases quite different morphologically from reactionary dentin. It may contain cellular inclusions, which resemble the osteocytes from bone. In addition, its extra cellular matrix contains some noncollagenous proteins that are more typical for bone than for dentin. For these reasons, sometimes the reparative dentin shows an osteodentin appearance. 25 In rapidly progressing caries, the odontoblasts are often destroyed. Odontoblasts are post mitotic terminally differentiated cells that cannot proliferate to replace subjacent irreversibly injured odontoblasts. Consequently, these primary cells must be replaced by a new generation of odontoblast-like cells. 27 Therefore, the formation of reparative dentin is a complex sequence of biological process, which is dependent on multiple factors, including the presence of responsive progenitor cells as well as the appropriate inductive molecular signals for induction of proliferation, migration, and differentiation of the new generation of odontoblast-like cells. The derivation of the progenitor cells for these odontoblast-like cells remains unclear although they may be variable. The undifferentiated mesenchymal cells in the cell rich zone adjacent to the odontoblast layer are attractive candidates since they will have experienced a developmental history similar to the primary odontoblasts. Other pulpal cells, including perivascular cells, undifferentiated mesenchymal cells, fibroblasts etc., have also been implicated as progenitors for the odontoblast-like cell.
discussion
Odontoblasts are the cells responsible for the formation of dentin as well as provide an innate immune barrier for the tooth. 29 The main task of odontoblasts is to synthesize and secrete collagens and several non-collagenous proteins from which the dentin organic matrix is formed. Odontoblasts control dentin matrix mineralization by determining the nature of the extra cellular matrix and by controlling the influx of mineral ions. 25 Odontoblasts secrete dentin matrix components which contain a reservoir of biologically active molecules, such as platelet-derived growth factor, vascular endothelial growth factor, fibroblast growth factor, metalloproteinase and also TGF-β super family members. During dentinogenesis, the extra cellular matrix of the dentin is mineralized by deposition of hydroxyapatite onto the fibrous matrix. After mineralization the dentin molecules remain trapped in the mineralized phase bound to matrix components or to hydroxyapatite crystals. 30 Diffusion of acids from bacterial metabolism during caries could solubilize those bioactive molecules from the soluble tissue compartment of dentin matrix and unmask those bound in the insoluble tissue compartment. Subsequent bacterial proteolytic action during more advanced stages of caries might also contribute to, and possibly modulate, such process. Further, those molecules initiate the healing process, providing chemotactic cues to recruit inflammatory cells and undifferentiated pulpal cells to the injury site, stimulating the angiogenic response, and initiating the subsequent tissue movement for repair. 31, 32 Release of TGF-β from the dentin matrix requires its diffusion, presumably mainly through the dentinal tubules, to the pulpal cells for signaling events to occur. Several factors may influence the ability of this agent to participate in such events, including their release in a biologically active form, their interaction with dentin matrix components, either in solubilized form or by immobilization on the insoluble matrix, and the diffusion distance along the dentinal tubules. Much of the TGF-β in dentin matrix appears to be in an active form and to be associated with dentin matrix components, which may regulate its availability and biological activity. 33 A study by Lucchini et al. 34 showed that differentiated odontoblasts secrete and deposit TGF-β into the dentin matrix and can respond to it, thus enabling possible autocrine modes of action. The detection of TGF-β receptors I and II on odontoblasts and other pulpal cells demonstrates that an active signaling complex for signal transduction exists on these cells. The target cells for signaling molecules released during carious demineralization will vary, but in terms of repair, the odontoblast will be of prime importance. 18 TGF-β initiates its actions trough Smad signaling pathway by binding to two different classes of serine/ threonine kinase receptors, termed type I and type II, which have been demonstrated in odontoblasts and pulp cells. 35 Ligand-induced phosphorylation of the type I receptor by the type II receptor results in activation of the type I receptor kinases, which in turn phosphorylate a receptor-regulated Smads 2/3. The phosphorylated Smads 2/3 then associate with Smad4, a common-mediator Smad. These heteromeric complexes are translocated to the nucleus, where they regulate gene transcription by either association with DNAbinding protein or direct binding to promoter sequences of target genes. 36 Smad6 and Smad7 belong to the inhibitory Smads and act as inhibitors of the TGF-β family signaling pathway, probably by competitive interaction with the type I receptor or with Smad4. 37 During reactionary dentinogenesis (Figure 1) , solubilized TGF-βs may be able to diffuse to the odontoblasts and pulpal cells localized beneath the damaged region and signal the up-regulation of these cells' secretory activity. 27 This upregulation of surviving odontoblasts will lead to focal secretion of new matrices at the pulp-dentin interface. 2 Quite a few studies have demonstrated that TGF-β stimulates the synthesis of extracellular matrices and also initiates odontoblast cytodifferentiation in vitro 38 and in vivo. 39 An in vivo study by DenBesten et al. 40 using transgenic mice overexpressing TGF-β2 showed an increase in their dentin mineral apposition relative to their wild-type littermates. TGF-β2 has been shown to be present in mature dentin; therefore, it seems that TGF-β2 also stimulates odontoblast differentiation in maturing dentin to increase the dentin mineral apposition rate. 15 An in vitro study by Sloan and Smith 41 revealed that TGF-β1 and TGF-β3 increase the predentin thickness of the cultured tooth in the region immediately adjacent to agarose beads containing those growth factors. The localized increase in the predentin thickness reflects reactionary dentinogenic effect.
TGF-β also carries out a significant role in modulating the soft and hard tissue repair following a carious lesion, enhancing reparative dentin formation. The formation of reparative dentin (Figure 2 ) results from the recruitment and proliferation of the pulp cells which have stem cell properties. A previous study by Pasavant et al. 42 revealed that TGF-β induces the synthesis of secreted protein acidic, rich in protein, which in turn induces dental pulp cells migration toward the odontoblastic layer. 43 The dental pulp stem cells are attracted to the injury site and differentiate into a second generation of odontoblasts or odontoblast-like cells to replace irreversibly injured odontoblasts. 44, 45 TGF-β1 may play a role in the differentiation of the pulp cells into preodontoblasts and odontoblasts and in the reparative dentinogenesis process after tissue injury. 46 A previous in vivo study showed that TGF-β induces the differentiation of pre-odontoblasts and formation of functional odontoblastlike cells. 47 Several studies reported that TGF-β1 and TGF-β3 stimulate proliferation of the cells of the subodontoblast layer and formation of odontoblast-like cells. 13, 41, 48 In addition, TGF-β1 induces type I collagen production by the odontoblastic/subodontoblastic pulp cells. 49 Huojia et al. 50 reported that TGF-β3 induces ectopic mineralization through upregulation of osteocalcin and type I collagen expression in the dental pulp cells and may regulate the differentiation of the dental pulp stem cells to odontoblasts. Such activities might be important during reparative processes in the dentin-pulp complex after tissue injury.
In conclusion, the dentin-pulp complex has ability to respond to a carious lesion by localized deposition of a tertiary dentin matrix which can be classified as being reactionary or reparative in origin, depending on the severity of the initiating response and the conditions under which the newly deposited dentin matrix was generated. TGF-β super family which is captured in the dentin matrix, may be solubilized or exposed during carious demineralization and provides the molecular signaling to initiate tertiary dentinogenesis. In reactionary dentinogenesis, TGF-βs stimulate the upregulation of odontoblast cells' synthetic and secretory activities to secrete a reactionary dentin matrix. TGF-βs also have the ability to induce the proliferation, migration, and differentiation of odontoblastlike cells from the pulp cells leading to the secretion of reparative dentin. 
